The nature of nucleotide and the pH not only modulate the type of the ground-state-complexes of β-carboline/nucleotide formed, but also the dynamic deactivation processes. 
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The nature of nucleotide and the pH not only modulate the type of the ground-state-complexes of β-carboline/nucleotide formed, but also the dynamic deactivation processes. Introduction β-Carbolines (βCs) are a group of efficient naturally occurring photosensitizers. Upon UVA excitation, these alkaloids induce damage in the DNA moiety [1] [2] [3] [4] [5] and its components 6 . Briefly, the type and extent of the DNA damage strongly depend on the chemical nature of the βC and also on their binding affinity. Moreover, the latter is modulated by the pH: the lower the pH, the higher the affinity of the βCs and the biomolecules. Although photo-excited βCs are able to produce reactive oxygen species (ROS), even upon two-photon excitation, [7] [8] [9] these DNA photosensitized damage take place, mainly, through electron transfer processes (type I mechanism).
In the recent decades, the interest in the photophysics and photochemistry in aqueous environment of βCs has continuously increased. Thus, their photophysics, 7, 9-20 photochemistry 7, 8 and their interaction 6, [21] [22] [23] with several biomolecules has been described. Furthermore, the attention in this kind of systems arises not only from their role in biological systems, but also from their possible applications in other fields of studies: i.e., development of organic semiconductors devices like light emitting diodes 24, 25 and photovoltaic cells. In such systems, the packing and co-assembling of hetero-aromatic rings play a key role in the efficiency of conduction. 26 In particular, the interaction of βCs with some nucleotides has been investigated:
(i) Balón et. al. 21 have studied the interaction between harmane and nucleobases, nucleosides and nucleotides, in methanol-water solutions at pH 8.7. They reported that the interaction between these molecules is mainly due to static interaction (formation of ground-state-complexes between the substrates). The nucleobases would only interact with the neutral form of harmane. The magnitude of the binding constants depends, almost exclusively, on the nature of the nucleobase and neither the ribose nor the phosphate groups significantly contribute to the overall binding. The exact nature of the attractive forces involved in the formation of the complexes could not be clearly characterized. However, the stacking of the hetero-aromatic rings of harmane and the nucleobase in the complexes would play a major role in the stabilization of the complexes. Time-resolved fluorescence measurements indicated that a contribution of both static and dynamic quenching components operate in the deactivation of the first singlet excited state (S 1 ) of the βC. The dynamic component would be the proton transfer between the protonated harmane, in its S 1 state, and the phosphate group of the mononucleotide. However, this hypothesis seems to be unlikely for all the acidic and basic species of the three nucleotides.
It is known that, in aqueous solution, βCs and nucleobases show several acid-base equilibria (Scheme 1). 27 Therefore, under the above pH-conditions (pH 8.7), a mixture of different species of both the βC and the dNMP are present in the solution. Thus, a comprehensive study of the
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(ii) Recently, we have demonstrated that the ground state interaction between norharmane and 2'-deoxyadenosine-5'-monophosphate (dAMP) shows a strong pH-dependence that can be explained in terms of the chemical structure of both molecules. 6 On the contrary to what was described in the literature 21 , the highest binding constants were estimated under those pH conditions where the protonated form of the alkaloid is present (pH < 7). Theoretical modeling suggested that, despite norharmane molecule interacts with adenosine base by π-stacking, the phosphate group also plays a key role in the relative orientation of the two molecules via coulombic interactions and also via hydrogen bonding with the βC due to the negative charge density present on it. Fluorescence studies 6 revealed that under acidic conditions (i.e., pH 2.5-5.4, where the protonated form of norharmane, nHoH + , is present) the S 1 of protonated norharmane is deactivated by dAMP via a purely static process. On the other hand, in alkaline media (pH 10.5), where the neutral form of norharmane (nHo) is predominant, the quenching involves a combination of dynamic and static processes, showing a relatively high efficiency of S 1 deactivation. Reyman et. al. 28 have recently suggested that such a dynamic deactivation can be a consequence of a proton exchange between the phosphate group and the βC moiety, yielding the corresponding zwitterionic form of the βC.
Although the aforementioned results, there are indeed several controversies and queries that still need to be addressed: What is the pH-effect on the interaction between βCs (in both, their ground and excited states) and nucleotides? Does the nature of the nucleotide (i.e., purine or pyrimidine) affect the binding affinity and the interaction mode? What is the physical nature of the intermolecular interaction forces involved in such complexes: pure π-stacking, pure electrostatic attraction, hydrogen bonding or mixed contributions? What is the role of the phosphate group, present in the nucleotide moiety, in the interaction mode: stabilizes and/or induces a relative orientation between the two moieties? Do proton-transfer processes take place between the first electronic excited state of βC and nucleotides? Does the phosphate group present in the nucleotide moiety participate in proton-transfer processes yielding the zwitterionic form of βC, as it was suggested in the literature 28 ?
In the present work, we have systematically investigated the interaction between norharmane and different nucleotides in aqueous solutions as a function of the pH. Since norharmane represents the common heterocyclic skeleton moiety of full aromatic βCs, its use as a model of βC is a reasonable starting point. 29 As a proof of principle, two nucleotides were selected as ligands: 2'-deoxyguanosine 5'-monophosphate (dGMP) and 2'-deoxycytidine 5'-monophosphate (dCMP), as a model of purine and pyrimidine nucleobases, respectively. Results obtained herein were analyzed in 
Binding studies
The interaction between norharmane and 2'-deoxynucleotides (dNMP) was studied under three pH conditions in which predominantly exists one acidic-base form of both norharmane and each nucleotide (i.e., pH 2.8, 5.5 and 10.5 for dCMP and 5.0, 8.5 and 10.5 for dGMP). Previously published results, 6 obtained for the norharmane/dAMP systems are also included for comparative purposes. Three different techniques were used to explore the interaction:
(a) UV-vis spectrophotometric titration. Details of the system and the method used have been described elsewhere. 32 Briefly, the spectra were recorded on a Perkin Elmer lambda 25
spectrophotometer. Measurements were made in quartz cells of 1 cm optical-path length, at room temperature. The concentration of norharmane aqueous solutions varied depending on the interaction studied (see footnotes in the corresponding figures) and dNMP concentrations varied from 0 to 50 mM. Experimental difference (ED) spectra were obtained by subtracting the spectrum at 0 mM of dNMP from the subsequent spectra recorded at different dNMP concentration.
(a.1) Benesi-Hildebrand analysis: assuming a 1:1 stoichiometry for the ground states complexes 32, 33 . Bilinear methods can provide information about composition changes in an evolving system, therefore we applied the alternating least-squares (ALS) algorithm to simultaneously estimate concentration and spectral profiles. 34 The ALS method is capable of extracting useful information from the experimental absorbance matrix A(i × j) by the iterative application of the matrix product A = CS T + E; where C(i × n) is the matrix of the concentration profiles; S T (n × j) is that containing the spectral profiles, and E(i × j) represents the error matrix.
The indexes i, n, and j denote the sample number, absorbing species, and recorded wavelengths, respectively. Retrieving matrices C and E from matrix A may be a rather difficult task 35 since on the one hand, n is usually unknown 36 and on the other hand, curve resolution methods cannot deliver a single solution because of rotational and scale ambiguities. 37 We applied Singular Value Decomposition (SVD) of A for the estimation of n. In addition, some chemically relevant constraints, 38 such as non-negativity, unimodality and closure, were imposed during the iterative steps of constrained linear regression in order to reduce rotational ambiguities. In addition, matrix augmentation strategy 39 was used to obtain: (i) the number of species required to reproduce the spectral behavior within the entire range of pH studied, (ii) the concentration profiles corresponding to experiments performed using different pH values, and (iii) the spectra of the ground-state complexes formed between norharmane and dNMP.
(b) Fluorescence measurements. The experimental setup has being described elsewhere. 6 Briefly, fluorescence measurements were performed using a single photon counting equipment nm was used for excitation; whereas emission decays were monitored at 450 nm. Under our experimental conditions, all the fluorescence lifetimes, τ F , were obtained from mono-exponential decays observed after deconvolution from the instrument response functions signal. 40 Data obtained from steady-state and time-resolved were analyzed according to the SternVolmer correlation (equations 2 and 3, respectively): This behavior is mathematically expressed by equation 4:
where K D and K SS are the K SV values for the dynamic and static quenching, respectively. K D is equal to k q τ F 0 and K SS is the equilibrium constant for complex formation.
(c) Proton Nuclear Magnetic Resonance ( 1 H-NMR). 500-MHz 1 H NMR spectra were recorded on a Bruker AM-500 spectrometer, using D 2 O as a solvent. The general approach used to quantify the critical aggregation concentration (c.a.c.), the number of molecules per aggregate (n) and the selfassociation constants (K s-a ) has been described previously. 6 The binding constants between norharmane and dNMP (K G2 ) values were calculated by standard regression analysis using the NMR 1:1 binding isotherm (equation 5) for fast exchange systems, to fit experimental data: 
where C M and C L are the analytical concentration of dNMP and norharmane, respectively.
It is worth mentioning that, for evaluation of K G2 , the initial concentration of each molecule was kept below the c.a.c. determined herein. Briefly, a solution of norharmane was titrated with a concentrated solution of dNMP and the corresponding 1 H-NMR spectra were recorded under three different pH conditions (see Scheme 1) . Taking into account the corresponding K s-a and n values, as well as the range of dNMP used, it can be shown that the fraction of self-associated dNMP was below 5%, for all the experimental conditions studied. Therefore, although [dNMP] higher than c.a.c were used, the self-association can be neglected.
Computational methods

Conformational searching of norharmane-dNMP complexes.
A very large number of conformers both for protonated and neutral forms of norharmane and for the dNMP molecules were explored.
The complexes that could be formed by those compounds at different pH were also explored ( Figure 7 ). Starting geometries of complexes were constructed considering the form the isolated molecules adopt at the corresponding pH. We applied genetic algorithms as implemented in the Balloon program 43 to obtain a set of starting geometries. These geometries were further optimized using the PM6-DH+ method available in the MOPAC software package. 44 Optimizations were done taking into account solvent effects (water) through a polarizable continuum method. For each system under study, the reported heat of formation (HOF) was calculated as an average over those conformations within 2 kcal mol -1 from the most stable conformer according to a MaxwellBoltzmann distribution at 298 K.
RESULTS AND DISCUSSION
In aqueous media, in the pH range 2-12, norharmane shows an acid-base equilibrium that involves the nitrogen atom of the pyridine ring with a pK a of 7.2, 18 with a very distinctive UV-vis absorption spectrum of each acid-base form (Scheme 1). The changes in the electronic ground state distribution on this alkaloid have substantial consequences on its photochemical and photophysical properties. [7] [8] [9] 45 On the other hand, 2'-deoxynucleotides (dNMPs) show several acid-base equilibria involving both the phosphate group and the nucleobases. However, only the absorption spectra: in the cases of (dGMP) 3-(pH 10.5) and H 2 (dCMP) ± (pH 2.8), with a net charge on the nucleobase of -1 and +1, respectively, a bathochromic effect was observed (Scheme 1). On the contrary, H 2 (dAMP) ± (pH 2.5) show no shift on its UV-vis absorption spectrum with respect to the uncharged nucleobase, suggesting that the +1 charge is localized in the N-1 atom.
To further evaluate the interaction between each acid-base species, experiments were performed under three different pH conditions (Scheme 1), where only a given species of each analyte were present in the solution.
Molecular interaction between norharmane and dNMPs. Spectroscopic studies
In order to examine norharmane-dNMPs interaction and its pH-dependence, UV-vis absorption, 1 H-NMR and fluorescence spectroscopy were performed:
UV-vis absorption spectroscopy: UV-vis spectra of norharmane aqueous solutions were recorded in the presence of increasing amounts of dNMPs. norharmane and dNMPs in their electronic ground states. In most cases, the absorption spectra showed a moderated bathochromic shift (~ 5 nm) and the appearance of at least two visible isosbestic points (see λ iso in Table 1 -3). The small bathochromic shift observed suggests that the interaction operates through other kind of interactions different from hydrogen bonding (see below).
As a general trend, increasing concentrations of dNMP lead to a decrease in the intensity (hypochromic effect) of the lowest energetic absorption band maxima of norharmane (Figure 1 and SI.1 in Supporting Information). Noteworthy, purine deoxynucleotides (dAMP [6] and dGMP)
showed higher hypochromic effect than dCMP, a pyrimidine deoxynucleotide. This behavior suggests that, for almost all the pH conditions investigated, non-covalent dispersion interaction (from now on, π-stacking) 46 between the two heteroaromatic rings contributes, among other intermolecular forces, to the overall interaction between norharmane and dNMP. System C2.8
constitutes an exception to this behavior: the intensity of the absorption spectra decreases while the nucleotide concentration is increasing, without the appearance of either bathochromic effect or isosbestic points (Figures SI.1a in Supporting Information). In this case, the electrostatic repulsion between the two positive net charges, placed in both the norharmane and the cytosine rings, would explain the distinctive behavior (see below). This fact is in good agreement with the hypothesis that hypochromic effect would be related to stacking interaction. The corresponding values of K G1 are reported in Tables 1 to 3 . 48 for guanosine-5'-monophosphate (5´-GMP), measured at 30 °C and pD 7.4. e Values obtained from steady-state, SS, and time-resolved, TR, measurements. In SS experiments, samples were irradiated (λ exc ) at wavelengths corresponding to the maximum of absorption of the lowest energy band (Figure 1 ), whereas in TR experiments λ exc = 341 nm and λ exc = 450 nm. f Bimolecular rate constants for the quenching of the fluorescence of norharmane by the nucleotide. g Norharmane fluorescence lifetime used for k q calculation was 22 ns for both protonated and neutral species of norharmane. The k q value reported 21 for the fluorescence quenching by phosphate anions, measured in NH 3 - 
, whereas the trend
A2.5 [6] . In each case, the strength of the interactions is tightly correlated to the chemical nature of the corresponding acid-base species of the involved molecules.
This trend can be explained in terms of electrostatic interactions: the strongest interaction takes place when the net charges of norharmane and the nucleotide are +1 and -1, respectively (i.e., systems G5.0, A5.4 and C5.5). This fact suggests that, beside the stacking contribution, coulombic forces would also contribute to the overall interaction process between norharmane and nucleotides.
These electrostatic attractions would also contribute to the relative orientations of the interacting molecules in the hetero-complex (see below). (iii) On the contrary to what was described by Balon et. al.
21
, our results show that nHoH + clearly interacts with the three dNMP investigated.
Chemometric analysis: Experimental absorbance matrices at each studied pH were constructed form the absorbance spectra recorded at different dGMP concentrations and analyzed by curve resolution techniques. The wavelength range selected for the analysis was 315-465 nm, since the contribution of the free forms of dGMP to the recorded absorbance can be considered negligible in this wavelength domain. Singular value decomposition of the absorbance matrices obtained at pH 5.0 and 10.5 yielded, in both cases, two factors. For both pH conditions, the spectra of the complex formed as well as the concentration profiles of free-and bound-norharmane were obtained by application of the ALS algorithm. The constraints used for the iterative process included: equality (i.e., the spectra of the free forms nHoH + and nHo were fixed since they were already known), nonnegativity (i.e., concentrations and absorption coefficients cannot be negative) and unimodality (i.e. Table 1 (Table SI. This fact suggests a similar type of interaction between norharmane and these two purine nucleotides and that a π-stacking effect contributes, among other forces (see below), to the overall interaction. 1 H-NMR analysis: as it was described elsewhere, 6 aromatic molecules tend to aggregate in aqueous solution. Thus, the self-association tendency of dNMPs has to be evaluated first. This analysis provides useful information such as the optimal concentrations that can be used in the interaction experiments without the interference of homogeneous multimeric norharmane and/or dNMPs species. Briefly, the changes on the chemical shift of the dNMPs' proton signals were determined for all the acid-base species of dGMP and dCMP as a function of its concentration. The selfassociation phenomena for norharmane and dAMP has been previously described. From the results collected in the three tables above, several points should be highlighted:
• to the best of our knowledge, this is the first time that the self-association constants of each acidbase species of dGMP and dCMP are provided. The values obtained herein substantially agree with those reported in the literature for other related nucleotides. 48, 49 In general, these nucleotides show relative low K s-a values that are in good agreement with the quite high solubility of these molecules in water. An efficient water-solvation takes place as a consequence of the rather high polarity of the nucleotides due to the presence of the phosphate and the deoxyribose groups.
• it is generally accepted for these molecules that self-association occurs via aromatic-ring stacking of the analytes. However, in a very recent study it was suggested that for relative small aromatic molecules other type of interaction, apart from π-stacking, can be similarly strong, and thus also important for structure formation. 50 The upfield 1 H-NMR shifts, observed in our experiments for all the investigated compounds and pD conditions while increasing dNMP concentration, provide evidence that the stacking of the aromatic moieties is taking place in self-association interaction mode.
• although no clear pH-dependence of the K s-a dNMPs values were observed in the case of dGMP and dCMP, two points deserve to be mentioned: (i) at pD conditions where the phosphate group is completely deprotonated (with a -2 net charge) and the nucleobase is neutral, the corresponding K s- . This fact is in agreement with the high and low relative solubility shown by these two species, respectively. Taking into account the stacking contribution to the self-association of the nucleobases, the presence of a positive charge in the nucleobase should decrease the self-association tendency due to electrostatic repulsion forces. However, this is not the general trend. Therefore, our experimental observation should be explained in terms of the stability of each nucleotides conformer. In the most stable conformer observed for H 2 (dAMP) ± , the protonated nitrogen of the nucleobase directly interacts with the atoms of oxygen of the sugar ring and/or with the negative charge of the phosphate group, neutralizing the total charge of the zwitterionic species of each nucleotide. 6 Such interaction would lead to an apparent decrease on the nucleotide polarity that would increase the K s-a H2(dAMP)± value.
• The three dNMP investigated herein, under all pH conditions, have lower self-aggregation tendencies (i.e., lower K s-a dNMP values) than norharmane. This fact could be a consequence of repulsion forces due to the negative charge present in the phosphate group of dNMP. Moreover, the phosphate group can be better solvated by water, decreasing the self-aggregation tendency. On the other hand, the low solubility of norharmane is in good accordance to the relative high K s-a observed for this alkaloid in aqueous solution.
• For all the cases, under all pD conditions studied, n values obtained were ~ 2, suggesting homodimeric aggregation.
The interaction between norharmane and dNMPs was further characterized by 1 proton signals are smaller than those observed for dGMP and dAMP. This is in agreement with the low hetero-association constants observed for dCMP and norharmane by UV-vis spectroscopy.
Molecular modeling: theoretical analysis was performed to further investigate the nature of the complexes formed in the electronic ground states. The dispersion-and hydrogen bonding-corrected PM6 method was used to explore the complexes that can be originated from the combination of neutral and protonated forms of norharmane and the three acid-base species of dGMP and dCMP, laying special emphasis on the interaction energy.
In first place, a conformational search for the three forms of free nucleotides was done.
Briefly, (dGMP) 3-led to 23 conformations, within the energy penalty of 2 kcal mol -1 , most of them in an anti (including the most stable one), in which the N9-C8 bond project onto or near the sugar ring, as is usually observed in purine bases. The remaining conformers adopt a syn conformation.
The conformational search of H(dGMP) 2-yielded 5 anti and 2 syn conformations, being a syn conformer the most stable one (Figure 5c ). An anti conformation became the most stable form of
It is worth mentioning that, for the latter specie, only 2 anti conformations were found, whereas 8 other conformers adopted a syn conformation. Figure 5 shows the most stable conformers found for each dGMP species. For (dCMP) 2- , the conformational search led to 16 anti conformations, within the energy window of 2 kcal mol -1 . All these conformations show the N1-C6 bond projected onto or near the sugar ring. No syn conformations were found. The lowest energy form for H(dCMP) -was found to be an anti conformation. Other 14 anti conformers, as well as 6 syn conformations, were also found.
Likewise, 12 conformers were found for H 2 (dCMP) ± within the energy penalty of 2 kcal mol In the case of norharmane-dGMP and norharmane-dCMP complexes, the conformational searching using genetic algorithms led to several hundred conformers for the G5.0, G8.5 and G10.5 systems, on the one hand, and for the C2.8, C5.5 and C10.5 systems, on the other hand. All those conformers were further optimized at the PM6-DH+ level of theory. As in isolated molecules, those complexes presenting a HOF up to 2 kcal mol −1 above the lowest energy conformer were considered to obtain a statistically-averaged HOF for each system. Thus, an approach to the intermolecular interaction enthalpy is given by subtracting the HOFs of nucleotides and norharmane species from the HOF of the complex. Figure 7 shows the molecular structure of the lowest energy Tables 1 and 3 suggest that the entropic term T∆S must be negative for all the cases, which means that the complexation process leads to highly ordered systems. Besides, a parallel π-stacking interaction is observed in almost all the systems. System C2.8 is the only exception as no π-stacking between the norharmane and the nucleobase rings is observed (Figure 7d ). This finding is in good agreement with the NMR results shown above (Figure 4b ). In addition, different types of hydrogen bonds can be seen for all conformations, too. Geometric parameters that define the hydrogen bonding interaction for each conformation are included in Supplementary Information (Tables SI.2 For all the investigated cases, despite the fluorescence intensity of norharmane showed a strong decrease with the increase of dNMP concentration, the wavelength of the emission maximum remained unchanged. Moreover, in the whole pH-range investigated, no additional emission bands were observed (see the normalized emission spectra shown in the insets to the left column of Figure   8 ). This fact indicates that, as a consequence of the interaction, no new emitting species are generated: neither emitting complexes nor protonated/deprotonated norharmane excited species. It is also worth mentioning that in alkaline pH conditions, where the neutral form of norharmane UV-vis (K G1 ) or 1 H-NMR (K G2 ) studies reveals that there are no significant differences between these three groups of experimental data (Table 1) . Thus, in the whole pH-range investigated, norharmane forms static complexes in its electronic ground state with all the dNMP investigated (C2.8 represents an exception, see discussion below).
(ii) For the three norharmane/dGMP systems studied (G5.0, G8.5 and G10.5), the decrease of the integrated fluorescence intensity as a function of the nucleotide concentration showed non-linear Stern-Volmer behavior that could be fitted with equation 4. In addition, the dependence of τ F 0 /τ F on the dGMP concentration was linear, with a positive slope different from zero (insets to Figure 8) .
The values reported in Table 1 suggest that although a combination of both dynamic and static quenching is observed, under alkaline conditions (G8.5 and G10.5) dynamic prevails over the static contribution; whereas under acidic conditions (G5.0), both quenching mechanisms equally contribute.
Based on the corresponding quenching constant values (K D and K SS ), listed in Table 1 , we can conclude that the static interaction decreases as the negative charge on dGMP molecule increases .5 ). This trend is in agreement with the results obtained from UV-vis spectroscopy and 1 H RMN analysis. In contrast, the dynamic interaction increases in the opposite
(iii) Although dAMP is also a purine nucleotide, results described in the previous paragraph are quite different to those previously described for the norharmane/dAMP system. 6 Our studies revealed that under acidic conditions (A2.5 and A5.4), where nHoH + is present, the first singlet excited state of the protonated norharmane ( Thus, under this pH condition, no association between (dCMP) 2-and nHo in its ground state occurs, in the whole concentration range analyzed.
On the contrary, under acidic conditions (C2.8 and C5.5), the total deactivation observed was rather small, with a contribution of both static and dynamic quenching. The small K SS values observed ( Taking into account the fact that UV-vis and 1 H-NMR spectroscopies showed a rather weak π-stacking interaction between norharmane and cytidine, the electrostatic attraction between the positive net charge of the protonated pyrimidine-nitrogen present in the norharmane moiety and the negative charge localized in the phosphate group of the nucleotide should, therefore, dominate the interaction mode. interaction to purine nucleotides is larger than that observed with pyrimidine nucleotides, under the same experimental conditions. This could be due to the fact that both purines and nHoH + have polycyclic structures leading to a stronger π-stacking interaction than dCMP, a monocyclic structure.
(vii) For those systems where a dynamic contribution was detected, a bimolecular quenching rate
, (see Tables 1-3) . For all the cases, k q values are under the diffusion-controlled limits and are quite similar to those reported in the literature for related compounds. 6, 51 Comparison of k q values listed in Tables 1-3 shows that the overall deactivation is much more efficient in alkaline than in acidic media, where k q are extremely low or null. Upon excitation, even at pH 10. It is noteworthy that in the cases of dGMP at pH 8.5 and 10.5, the dynamic deactivation is Mechanisms suggested for the dynamic quenching process operating in: (a) the whole pH range investigated where electron transfer mechanism takes place between excited norharmane and dGMP. In order to make things easier only dGMP -was depicted. However, in the whole pH range, other species might be present; (b) alkaline pH conditions where proton transfer mechanism operates for the three nucleotides investigated (dNMP = dGMP, dAMP or dCMP).
CONCLUSIONS
In this work, the pH effect on the interaction between norharmane and deoxynucleotides has been investigated. The findings described in this manuscript allows to underline that: (i) The type and extent of the interaction of βC and deoxynucleotides, in both ground and excited electronic states, as well as the photochemical, photophysical and spectroscopic behavior of both free and bound βC (i.e., as part of the complex βCs-dNMP), clearly depend on the nucleobase molecular structure and the pH. This is an important point to keep in mind when considering the roles played by βCs in natural systems. (ii) Spectroscopic data as well as chemometric analysis reveal that complex formation between norharmane and purine nucleotides leads to a shift towards higher pH values of the apparent pK a for bound norharmane relative to free norharmane. This observation may provide important insights into features that facilitate the binding of βCs and biomolecules and, in turn, contribute to a better understanding of photosensitized processes where these alkaloids play a key role. It is worth mentioning that the damage on biomolecules photosensitized by βCs strongly depends on the strengths of the interaction: the strongest the interaction, the highest the Data presented show that studies of the pH effect on the interaction of β-carboline alkaloids and deoxynucleotides, in aqueous media, provide a good opportunity to examine a variety of fundamental physicochemical phenomena. Moreover, a deep knowledge of the molecular bases of the interaction between organic molecules of biological importance not only provides relevant information to further elucidate the roles played by these compounds in a range of biological systems, but also provides relevant information in other fields of chemistry and technology where the packing and co-assembling of hetero-aromatic rings play a key role.
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